Purpose: To investigate the reproducibility of Bruch's membrane opening minimum rim width (BMO-MRW) and retinal nerve fibre layer thickness (RNFLT) measurements using spectral domain optical coherence tomography (SD-OCT). Additionally, to investigate the reproducibility of BMO area measurements and fovea to BMO centre (FoBMO) angle. Methods: Participants were healthy subjects (n = 30) and patients with glaucoma (n = 26). One eye of each participant was scanned to obtain optic nerve head (24 radial B-scans) and peripapillary (one circular B-scan) images by three independent examiners. Additionally, one examiner imaged each participant three times on the same day. Intra-and interobserver reproducibilities were estimated by within-subject standard deviation (SW) and coefficient of variation (COV). Spearman's rank correlation coefficient was used to test the correlation between the magnitude of the parameter and its standard deviation. Results: The global BMO-MRW COVs (%) in healthy/glaucoma subjects were 0.87/1.34 and 1.28/3.13 for intra-and interobserver analyses, respectively, and the corresponding global RNFLT figures were 1.50/2.10 and 2.04/2.87. Global mean BMO-MRW and RNFLT showed no correlation with their respective standard deviations. The reproducibilities of BMO area and FoBMO angle were excellent and similar between the groups. Conclusion: The reproducibilities of BMO-MRW, BMO area measurements and FoBMO angle were excellent in both healthy subjects and patients with glaucoma. Bruch's membrane opening minimum rim width (BMO-MRW) reproducibility is comparable to that of RNFLT measurements.
Introduction
Glaucomatous optic neuropathy needs an objective, quantitative, reproducible and sensitive method to estimate retinal ganglion cell loss and to measure optic nerve head (ONH) topography, both for early diagnosis and for monitoring disease progression. To be widely accepted for use in clinical practice, any parameter needs to be tested regarding its reproducibility, diagnostic accuracy and ability to detect change over time. Peripapillary RNFLT measurements with SD-OCT are structural parameters widely used to diagnose and monitor glaucoma. Retinal nerve fibre layer thickness (RNFLT) measurements have been shown high sensitivity and specificity to discriminate between healthy eyes and eyes with glaucoma (Chang et al. 2009; Leung et al. 2009; Park et al. 2009; MorenoMontanes et al. 2010) ; moreover, it predicts and precedes the onset of functional loss in glaucoma by as much as 5 years (Sommer et al. 1991; Medeiros et al. 2014 ). Previous studies with SD OCT have shown excellent reproducibility of RNFLT measurements in children (Altemir et al. 2013) , young adults (Carpineto et al. 2012) , healthy subjects (Arthur et al. 2011; Serbecic et al. 2011 ) and patients with glaucoma (Gonzalez-Garcia et al. 2009; Wu et al. 2011) , including those in advanced stages of the disease (Vazirani et al. 2015) .
Recent advances in SD OCT technology provided unprecedented detail on the anatomy of the ONH (Strouthidis et al. 2010; Park et al. 2012) . Structures such as the Bruch's membrane/ retinal pigment epithelium complex and its termination within the ONH, the BMO, can now be readily and consistently identified in B-scans (Strouthidis et al. 2009; Reis et al. 2012b) . Because the clinically visible disc margin seldom appears to represent a single anatomic structure (Reis et al. 2012b) , the BMO has recently been proposed as an anatomically accurate landmark from which neuroretinal measurements can be made (Chauhan & Burgoyne 2013) . Based on new insights provided by SD-OCT imaging, a paradigm change has been proposed to incorporate these anatomic features not appreciated before, to achieve a clinical assessment of the ONH (Chauhan & Burgoyne 2013) . It includes a new anatomical parameter termed BMO-MRW, which unlike clinical disc margin-based parameters, uses the BMO as reference to make neuroretinal rim measurements (Strouthidis et al. 2009; Hu et al. 2010; Reis et al. 2012a) . Furthermore, differently from conventional horizontal neuroretinal rim measurements (obtained with clinical examination, photography and confocal scanning laser tomography), BMO-MRW considers the varying orientation of the axons in the ONH, relative to the point of measurement, to provide a geometrically accurate estimate of the amount of neuroretinal rim tissues (Reis et al. 2012a ). This parameter has been shown to enhance diagnostic accuracy Danthurebandara et al. 2016; Malik et al. 2016 ) and structure-function relationship in glaucoma (Pollet-Villard et al. 2014; Danthurebandara et al. 2015) , when compared to conventional rim measurements.
The proposed paradigm also recognizes the variable interindividual fovea position relative to the ONH and advocates that data regionalization of neuroretinal rim and peripapillary RNFLT (e.g. temporal, superotemporal, superonasal, nasal, inferonasal and inferotemporal sectors) should be performed relative to the axis connecting the fovea to the BMO centre (FoBMO; Chauhan & Burgoyne 2013; Danthurebandara et al. 2015) , thus accounting for the retinal nerve fibre bundles path as they approach the ONH to exit the eye. Although BMO-MRW measurements can be obtained in a commercially available SD-OCT device (Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany), BMO-MRW reproducibility has been reported in only one study (Li et al. 2016) . The purpose of this study was to investigate the reproducibility of BMO-MRW and RNFLT measurements acquired relative to the FoBMO axis with SD-OCT. Additionally, we report on the reproducibility of BMO area and FoBMO angle measurements.
Materials and Methods
A total of 30 healthy subjects and 26 patients with primary open-angle glaucoma (POAG) participated in this cross-sectional study conducted at the Clinics Hospital of the University of Campinas. Institutional Review Board/ Ethics Committee approved the study, and written informed consent was obtained from all participants before inclusion in the study. The protocol was in compliance with Good Clinical Practices and the Declaration of Helsinki (1996) . Each participant underwent a comprehensive ophthalmologic examination including review of medical history, best-corrected visual acuity (BCVA) measurement, applanation tonometry, gonioscopy, slit lamp-based examination of the anterior segment and fundus examination with a hand-held 78 dioptres lens. Automated refraction with Topcon AR RM-8000B (Topcon, Tokyo, Japan), axial length measurement with Lenstar LS900 (Haag-Streit AG, Koeniz, Switzerland), automated visual field examination using the Humphrey Field Analyzer (Carl Zeiss Meditec, Dublin, CA, SITA standard strategy, program 24-2) and SD OCT examination were performed.
Participants
The study population included adults between 18 and 80 years old from both genders. For healthy subjects, the inclusion criteria were as follows: (1) BCVA ≥20/40, (2) refractive error within AE6.0 spherical dioptres and AE2.0 cylinder dioptres, (3) intraocular pressure (IOP) <21 mmHg, (4) open angle on gonioscopy, (5) normal eye examination with a normal optic disc (the optic disc of both eyes had to have intact neuroretinal rims and no disc haemorrhages, notches, localized pallor, or cup-to-disc ratio asymmetry between the eyes >0.2), and (6) normal visual fields, with the Glaucoma Hemifield Test, mean deviation and pattern standard deviation within normal limits. Exclusion criteria were as follows: (1) clinically significant vitreoretinal or choroidal diseases, (2) uveitis, (3) prior intraocular surgery except for non-complicated cataract or refractive surgery and (4) family history of glaucoma.
For patients with glaucoma, the inclusion criteria were as follows: (1) BCVA ≥20/40, (2) refractive error within AE6.0 spherical dioptres and AE2.0 cylinder dioptres, (3) open angle on gonioscopy, (4) POAG diagnosis based on glaucomatous optic disc changes (notch or thinning of the neuroretinal rim) and presence of IOP >21 mmHg. Exclusion criteria were as follows: (1) clinically significant vitreoretinal or choroidal diseases, (2) uveitis and (3) prior intraocular surgery except for non-complicated cataract, refractive surgery or filtration surgery. If both eyes were eligible, one eye was randomly selected as the study eye.
Spectral domain optical coherence tomography (SD-OCT)
The ONH and peripapillary RNFL were imaged with SD-OCT (Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany; Spectralis family acquisition module, version 6.0.10.0). The acquisition protocol has been detailed elsewhere . Briefly, first axial length and corneal curvature measurements were entered into the instrument software to ensure accurate scaling of all measurements. With the participant looking at an internal fixation target, the examiner manually identified the foveal pit in a live B-scan. Subsequently, two points representing the termination of Bruch's membrane in each of two radial B-scans (perpendicular to each other) were marked. These points were then used to identify the FoBMO axis, which served as a reference for scan acquisition. Two scan patterns centred on the ONH were then acquired, relative to the FoBMO axis ( Fig. 1): (1) A pattern containing 24 high-resolution radially equidistant B-scans. Each B-scan length was 15°and was averaged from 20 to 30 individual Bscans, with 1536 A-scans per B-scan, at a scanning speed of 40 000 A-scans per second. Internal software provided automatic segmentations of the internal limiting membrane (ILM) and for the 48 BMO points from the 24 radial B-scans. (2) A circular scan along a peripapillary circle of 3.5 mm diameter, with 768 A-scans, each of which representing the average of 100 individual A-scans, at a scanning speed of 40 000 A-scans per second. The software automatically segmented the ILM and the outer limit of the RNFL from the circular B-scans. For both patterns, only scans in which the retina was completely included in the image frame and that had a Quality Score ≥15 were allowed.
Each participant had the study eye imaged by three independent examiners on the same day (A.S.C.R., C.S.Z. and R.Y.A.). Additionally, one examiner (C.S.Z.) imaged each patient three times with the patient pulling his head back for a few seconds between the examinations. During all examinations, the follow-up mode was not used (each examination was recorded as a new patient entry). The same examiner who performed the image acquisition checked the automatic segmentations and manually corrected them when necessary.
Analysis
The BMO-MRW parameter was calculated as described before (Reis et al. 2012a) . Briefly, the 24 radial Bscans yielded 48 BMO points with 3D co-ordinates, through which a spline was fitted to derive a closed curve from which the BMO area was calculated. The BMO-MRW was defined as the minimum distance between the BMO and ILM in each B-scan (48 measurements per eye). Bruch's membrane opening minimum rim width (BMO-MRW) and RNFLT measurements' reproducibilities were analysed globally and in six sectors: four with 40°extension (superonasal, inferonasal, inferotemporal and superotemporal), one with 90°(temporal), and one with 110°(nasal). Bruch's membrane opening (BMO) area was defined as the area within the 48 BMO points obtained from the 24 radial B-scans. The FoBMO angle was defined as the angle between the FoBMO axis and the horizontal axis of the image acquisition frame.
Intra-and interobserver reproducibilities were estimated by SW and COV. Within-subject standard deviation (SW) represents the expected standard deviation of a set of measurements from the same subject; it was calculated by the square root of the within-subject variance from an analysis of variance (Bland & Altman 1996a) . Coefficient of variation (COV) represents the expected standard deviation of a set of measurements from the same subject, expressed as a percentage of that subject's mean measurement; it was calculated by (1) taking the log of the measurements, (2) estimating the SW, (3) getting the antilog, and (4) subtracting one (Bland & Altman 1996b Table 1 . Patients with glaucoma were older than healthy subjects and presented with a wide spectrum of visual field defect (visual field mean deviation IQR ranging from À4.9 to À16.0 dB). As expected, healthy subjects had larger mean global BMO-MRW and RNFLT measurements compared to patients with glaucoma, but the groups had similar mean BMO area and FoBMO angle values. ILM segmentation corrections were necessary in 3.1% of all radial B-scans (208 of 6720 B-scans) and in 1.3% of all BMO points (174 of 13 400 BMO points). On circular B-scans, ILM and outer limits of RNFL segmentation corrections were necessary in 0.7% and 1.8% of the B-scans, respectively (two of 208 and five of 208 B-scans, respectively). Table 2 shows reproducibility estimates of global BMO-MRW, RNFLT and BMO area measurements, and FoBMO angle in healthy subjects and patients with glaucoma. Overall, we observed small variability (see the distribution of errors in Figs S1 and S2) and high reproducibility of BMO-MRW and RNFLT measurements. For global BMO-MRW and RNFLT measurements, interobserver SWs and COVs values were larger by a factor of 2 compared to the respective intraobserver values. Global BMO-MRW and RNFLT SWs were similar between healthy subjects and patients with glaucoma, both for intra-and interobserver analyses. Global BMO-MRW and RNFLT COVs tended to be lower in healthy subjects compared to patients with glaucoma. Figure 2 shows the mean SWs and 95% confidence interval for sectoral BMO-MRW (left) and RNFLT (right) in healthy subjects and patients with glaucoma. The RNFLT SWs in the temporal sector were lower than in the other sectors, which presented similar SWs. When combining intra-and interobserver analyses, BMO-MRW COVs ranged from 1.5% nasally to 3.3% inferotemporally in healthy subjects, and from 1.8% nasally to 12.6% superotemporally in patients with glaucoma. The RNFLT COVs ranged from 2.5% superotemporally to 4.9% inferonasally in healthy subjects, and from 3.6% temporally to 10.2% nasally in patients with glaucoma.
Interobserver BMO area SWs (0.07 mm 2 , for healthy subjects and patients with glaucoma) were about twofold higher than intra-observer BMO area SWs (0.04 and 0.03 mm 2 , for healthy subjects and patients with glaucoma, respectively). Interobserver BMO area COVs tended to be higher compared to the corresponding intraobserver values (Table 2) . These values were similar between healthy subjects and patients with glaucoma. Intra-and interobserver FoBMO angle SWs were similar.
The scatterplots in Fig. 3 show the relationship between mean global BMO-MRW (left)/global RNFLT (right) and their respective standard deviations (three repeated measurements for both intra-and interobserver analyses). There was no correlation between mean global BMO-MRW measurements and their standard deviations, both for intra-and interobserver analyses (q = 0.28, p = 0.08 and q = 0.07, p = 0.61, respectively). Similarly, there was no correlation between mean global RNFLT measurements and their standard deviations, both for intra-and interobserver analyses (q = 0.28, p = 0.11 and q = 0.16, p = 0.23, respectively).
The scatterplots in Fig. 4 show the relationship between mean BMO area (left)/FoBMO angle (right) and their respective standard deviations (three repeated measurements for both intraand interobserver analyses). There was no correlation between mean BMO area and their standard deviations, both for intra-and interobserver analyses (q = 0.16, p = 0.23 and q = 0.21, p = 0.11, respectively). There was a weak but statistically significant correlation between mean FoBMO angle and their standard deviations in intraobserver analysis (q = À0.32, p = 0.02); however, no correlation was observed in interobserver analysis (q = À0.20, p = 0.14).
Discussion
In this study, we evaluated the reproducibility of two neuroretinal parameters (BMO-MRW and RNFLT), one anatomical parameter (BMO area) and the FoBMO axis. Because the reproducibility of RNFLT measurements has been evaluated in several previous studies (Gonzalez-Garcia et al. 2009; Hirasawa et al. 2010; Hong et al. 2010; Serbecic et al. 2011; Carpineto et al. 2012; Prakalapakorn et al. 2012; Altemir et al. 2013) , our study was designed mainly to assess the intra-and interobserver reproducibilities of BMO-MRW measurements. Overall, we observed low variability and excellent reproducibility of the BMO-MRW and RNFLT measurements. It is important to note that the measurement errors of BMO-MRW (Fig. S1 ) and RNFLT ( Fig. S2) are not normally distributed (Shapiro-Wilk test, p < 0.001). Instead, we observed that most measurements are very close to the 'true' value, which causes many single measurements to be far from where we expect (outliers). Due to these characteristics, we suggest that examiners take more measurements when establishing baseline data. However, the number of baseline measurements is yet to be determined. Although a direct comparison of the reproducibilities of BMO-MRW and RNFLT measurements would not be appropriate, because of the distinct acquisition protocols (Fig. 1) and the different measurements' magnitudes (Table 1) , we observed higher SWs in global BMO-MRW compared to global RNFLT measurements and lower COVs (except for interobserver analysis in patients with glaucoma) for global BMO-MRW when compared to global RNFLT measurements. The higher SWs observed in BMO-MRW compared to the RNFLT measurements can be explained by the on average threefold larger measures found in the first parameter. However, both parameters showed excellent intra-and interobserver reproducibilities in healthy subjects and patients with glaucoma. There are few published data on the reproducibility of BMO-MRW measurements. In a comparison of sweptsource and enhanced depth imaging SD OCT, Li et al. (2016) performed a small reproducibility analysis of BMO-MRW measurements and found ICCs ≥0.989 and ≥0.966 for the intrareader and inter-reader, respectively. C.Y. Mardin, W. Schrems, L.-M. Schrems-H€ osl, R. Laemer (unpublished) reported at the 2016 Association for Research in Vision and Ophthalmology (ARVO) meeting, global BMO-MRW COVs of 0.77% and 1.10% for intra-and 0.38% and 0.64% for interobserver analysis, in healthy subjects and patients with glaucoma, respectively. Our results showed larger inter-than intra-observer COVs (Table 2) , the corresponding figures were 0.87% and 1.34% for intra-and 1.28% and 3.13% for interobserver analysis. We speculate that the larger interobserver SWs and COVs compared to the corresponding intraobserver ones could be related to physiological reasons, which occur when more time is allowed to elapse between the sessions (about 1 min intra-and 10 min interexaminer). Furthermore, although image acquisition is almost entirely automatic, it still relies on the manual determination of four BMO points at the beginning of the examination. Therefore, more variability is expected when different observers mark their BMO points.
Intra observer Interobserver
Previous investigators have shown that RNFLT measurements variability is low, suggesting a tendency for the measurements in glaucomatous eyes to be more variable than in eyes of healthy subjects. (Budenz et al. 2008; Gonzalez-Garcia et al. 2009; Wu et al. 2011; Youm et al. 2012 ) Although global RNFLT COVs tended to be larger in patients with glaucoma than in healthy subjects in our study (Table 2) , the fact that global RNFLT standard deviations were not correlated with their means (Fig. 3) , suggests that regardless of the measurement's magnitude the variability is similar across different RNFL thicknesses. Moreover, this also seems to be the case with BMO-MRW measurements; global BMO-MRW COVs tended to be larger in patients with glaucoma than in healthy subjects, but there was no correlation between global BMO-MRW standard deviations and their means, suggesting that the variability is similar across the range of BMO-MRW measurements captured in our study (Fig. 3) . Some studies reported a lower reproducibility of RNFLT measurements in the temporal quadrant (Li et al. 2010; Mwanza et al. 2010) , while others identified the nasal quadrant (Mansoori et al. 2011; Wu et al. 2011; Vazirani et al. 2015) . In our study, with the exception of the temporal sector, where RNFLT SWs were lower compared to the other sectors (Fig. 2) , we observed similar variabilities of BMO-MRW and RNFLT measurements among the sectors.
Bruch's membrane opening (BMO) area measurements showed excellent intra-and interobserver reproducibilities. Despite a distinct scanning protocol, Gonzalez-Garcia et al. (2009) also found excellent BMO area reproducibility using the RTVue. A recent work by Almobarak et al. (2014) on automated segmentation accuracy showed that mean BMO segmentation error was around 12 lm; however, there were some cases in which this error was significantly higher. In our work, we also observed in the interobserver analysis a few cases with high BMO area variability (see outliers in Fig. 4) . Although segmentation corrections were necessary in very few scans (1.3% for BMO points), mainly when a temporal crescent was present indicating a significant extent of visible border tissue of Elschnig or bare sclera, it was difficult in some scans to determine where Bruch's membrane terminated. There was a low rate of scans that needed manual correction in our study. We acknowledge, though, that the proportion of scans that need correction likely depend on the anatomy (tilted discs and media opacities), quality of imaging and subjective tolerance of minor imprecisions in automated segmentation.
In our study, the FoBMO angle varied as much as 20.3°(ranging from +3.8°to À16.5°), with the respective figures in healthy subjects (19.7°, ranging from +3.8°to À15.9°) and patients with glaucoma (14.6°, ranging from À1.9°to À16.5°). Such individual variability justifies the determination of the FoBMO axis and individualization of the scan acquisition (Chauhan & Burgoyne 2013) . The FoBMO angle SWs were low and similar between healthy subjects and glaucoma patients, and there was a weak but statistically significant correlation between mean FoBMO angles and its standard deviations in intra-observer analysis, suggesting more variability in more negative FoBMO angles (Fig. 4) . In our study, before actual scan acquisition, the examiner manually identified the foveal pit in a live B-scan. The foveal pit is the 200 lm diameter most central part of the fovea where only cone photoreceptors can be found. The inner retinal structures are displaced radially from it to form the foveal slope, and eventually, at the parafovea (thickest portion of the retina), the ganglion cells are packed six layers thick (Curcio & Allen 1990 ). While there is evidence suggesting that glaucomatous damage may involve structural change within the photoreceptor layer in the fovea (Fan et al. 2011) , decreased thickness of the parafoveal retinal layers preferentially affected in glaucoma (Tan et al. 2008) could make it more difficult to identify the foveal pit in a flattened parafovea in advanced glaucoma patients.
A limitation of our study is that the follow-up mode was not used; each examination was recorded as a new patient entry. Hence, on one hand, we were able to access the reproducibility of the FoBMO axis, which would not be possible otherwise. On the other hand, it is likely that activating the follow-up mode would enhance the reproducibility of BMO-MRW, RNFLT and BMO area measurements. Another potential limitation is the relatively small number of subjects included. However, we believe that a study conducted in a larger number of subjects would have found similar results.
In conclusion, the present study demonstrates excellent reproducibility of BMO-MRW measurements in eyes of healthy subjects and patients with glaucoma, comparable to peripapillary RNFLT measurements' reproducibility. BMO area measurements and FoBMO axis have also excellent reproducibility. These findings suggest that BMO-MRW is a parameter that can be used to detect structural changes in the ONH topography and has the potential to be useful in the management of glaucoma.
